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Abstract: Best practice in the mining industry includes extensive initial and 
professional training for staff involved in field operations. Whereas changes in 
mining technology and operations accelerate to improve productivity, health, and 
safety standards have to be continuously evaluated and improved, putting more 
pressure on training deliveries. Borrowing from Defence and Airspace industries, 
training in the mining industry is increasingly relying on immersive virtual reality to 
simulate complex operations and procedures in potentially dangerous environments. 
Coal Services Pty Ltd is at the forefront of modern training facilities in Australia. 
This paper presents a qualitative and quantitative research framework designed to 
analyse the impact of past and current training sessions on staff’s ability to better 
perform their tasks, overall safety standards, and mine productivity. Interviews with 
trainees, trainers, and managers are used alongside session recordings to qualitatively 
evaluate levels of knowledge transfer and aptitudes to perform in a real environment. 
Then, a cost-benefit analysis is used to evaluate the added-value of virtual reality-
based on technological and operational costs weighed against overall productivity of 
the mine being negatively affected by any safety issue. 
Key words: Simulation; Modelling; Virtual Environment; Mining Industry; 
Safety; Highly reliable organisation. 
I. Introduction 
 
A number of hazard industries have been trying to create the organisational and safety culture 
at their sites to transform the organisation into a highly reliable organisation. Highly reliable 
organisations (HRO) have been defined as organisations which are operating in hazardous 
condition but manage to almost sustain error-free performance; in such organisations the 
consequence of any error could be disastrous. There is abundant literature discussing the 
characteristics of HRO, key features that need to be adopted to create HRO or ways of 
controlling risks in hazards organisations but there is not much about methods of creating a 
HROs. We believe that Interactive virtual reality training environments can facilitate this 
transformation process for mining industry where it can change the hazardous organisation in to 
the HRO. There is an abundant literature on research dedicated to Interactive Virtual Reality 
(IVR) environments
1-5
, IVR-based teaching and training programmes
6-8
 or their application to 
                                                          
A
 SMART Infrastructure Facility, University of Wollongong, NSW 
B
 Coal Services Pty Ltd, Argenton, NSW 
*
Corresponding author: Shiva Pedram sp185@uowmail.edu.au 
http://dx.doi.org/10.14453/isngi2013.proc.36 
 
International Symposium for Next Generation Infrastructure 






 Literature investigating and evaluating the impact of IVR-based training 
programs on safety and productivity records is far less abundant. In order to evaluate the impact 
of IVR on creating HRO and substantially  training delivery, improvement to safety records and 
overall impact on productivity, it is necessary to access and analyse data from past and current 
training programs, along with feedback from trainees, trainers, and various managerial levels.  
These data need to be processed within a formal analytical framework that can incorporate 
qualitative and quantitative data, microscale (training session) to macroscale (corporate) levels.  
II. Mine and Safety 
 
There are two major thoughts that trying to explain accidents in complex, high hazard 
organisations: Normal Accident Theory (NAT) and High Reliability Organisation Theory 
(HROT). Normal accident theory was initiated by Charles Perrow
15
 and its main focus was on 
the concept that accidents are unavoidable in complex organisations that operate in high-risk and 
technology situations. He believes that because of the two main characteristics of these sorts of 
organisations, tight coupling, and interactive complexity, failure occurs. On the other hand 
Leveson, et al.
16
 argued that Perrow’s categorising of industries in ‘high risk’ and ‘low risk’ 
category does not precisely reveal the accident rates and also theory offers a pessimistic view 
about accidents in complex systems and fails to suggest how the risk of accidents may be 
reduced
17 
This criticism has been addressed by HRO which emphasise on understanding that 
under some conditions complex systems do not fail. HRO researchers argue that accidents in 
complex systems and hazardous organisations are not unavoidable because there are processes in 
place that allow high hazard organisations to efficiently prevent and avoid catastrophic errors 
helping them to attain a consistent record of safety over long time periods
18-19
   
 
The mining industry faces both needs for high performance productivity and for drastic safety 
standards in the most hazardous working environments. Henceforth, it seems natural that the 
American Mine Safety and Health Administration (MSHA) asked the National Institute for 
Occupational Safety and Health (NIOSH) to explore and implement the use of IVR technology 
to develop training programs for open-cut or underground mining about hazard recognition, 
evacuation ways, and processes
11
. Likewise, South Africa started using IVR-based training 
programs in order to improve alarming workplace safety statistics. The South African Mine 
Health and Safety Authority (MHSA) started developing training environments as realistic and 
interactive as possible. Different technologies like joysticks, data gloves, or head-mounted 
displays were used to enhance trainee’s immersion
20
. Open-cut or underground mining 
simulators provide safe, replicable, and cost-effective environments for miners to be trained and 
for engineers and managers to test different assumptions, strategies, and scenario outcomes. 
Henceforth, IVR-based training has the potential not only to improve workplace safety 
conditions, but also to contribute to a more effective management, more sustainable production, 
and, finally, more profitable industry
13
. In Australia, the NSW Mine Safety Advisory Council 
(MSAC) focuses on industry culture change through the implementation of mine safety plans 
and the improvement of technical and nontechnical skills at all levels of management. Lost-time 
injury, a usual metric used to assess progress, is defined as an incidence that causes a fatality, 
permanent disability, or injury resulting in time loss over one shift or more (Standards Australia, 
1990). Table 1 presents the evolution of lost time injury in NSW over the last decade. 
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Table 1. Lost time injury frequency rates in the NSW minerals industry (2000 - 2011) 
 
 
The main objective of this study is to analyse and evaluate the impact of IVR-based training 
on transforming the organisation into HRO through mining safety, management, and planning 
processes. In other words, we aim to evaluate the quality of the ‘training transfer’ which we 
believe play crucial role in developing HRO. 




 define IVR-based training environments as “real-time computer 
simulations of the real world, in which visual realism, object behaviour, and user interaction are 
essential elements”. The use of IVR-based training environments assumes that Human-Machine 
interaction stimulates learning processes through better experiencing and improved 
memorization, leading to a more effective transfer of the learning outcomes into workplace 
environments. As stated by Meadows
22
: “When I hear, I forget; when I see, I remember; when I 
do, I understand”. Fulton and colleagues
23
 argue that interactive models like flight simulators are 
designed to improve trainee’s understanding of the consequences of decisional queues under 
limited resource availability (material, time, or energy) and uncertain or hazardous conditions 
(unintended consequences). The more realistic the experience is, the stronger the learning 
process. In situations where real life training opportunities are limited, hazardous or impossible, 





A crucial condition for IVR technology to deliver satisfying training transfer is its ability to 
reproduce faithfully not only the physical environment but also functional features of the 
simulated operations. In the case of flight simulators, Hays and colleagues
25
 demonstrated that 
the quality of training transfer is highly correlated to the level of fidelity of the simulated 
environment to the real world. Orlansky and String
9
 argue that the effectiveness of IVR-based 
training is influenced by (1) the type of simulator in use, (2) the level of experience of 
participants, and (3) the quality of scenario design and delivery.  
 
A successful mining training program, being IVR-based or not, should result in the creation of 
a safer workplace (‘the mine’) and a more competent workforce (‘the miners’), contributing to a 
more effective management of field operations. In turn, improved management will have 
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significant and durable impact upon higher industry objectives like sustainable production, 
corporate profitability, and social responsibility (Figure 1). 
 
 
Figure 1. Potential impact of IVR-based training on various aspects of mining operations 
 
A. A more competent workforce 
Most of the time, incidents result from human errors or uncontrolled situations. In a 
workplace context, a human error is defined as an action, intentional or not, having a negative 
impact on safety or productivity. This definition covers a large range of circumstances like 
tripping over, slipping, bending a rule, violating a procedure, or having a lapse of concentration 
(Figure 2).  
 
 
Figure 2. Human Error Classification (source: TIRE, 2013) 
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The assumption behind the development of IVR-based training for the mining industry is that 
it will produce more aware and better prepared workers, at a competitive cost, compared with 
more traditional approaches. In a context where real world training is whether too dangerous or 
too demanding on production, investing in virtual reality technology seems to be a reasonable 
choice
26
. Drawing from the flight simulator paradigm
9
, mining simulators are designed to 
accelerate a worker’s learning curve in a realistic but safe environment through repeated 
experiments. Causal queues and repetitions are meant to stimulate individual experiences and to 
enrich corresponding mental models. Ultimately, this learning in context should limit the number 
of human errors to a tolerable level as skill sets dramatically improve
12
. 
B. A safer workplace 
Salzman and colleagues
6
 argue that IVR-based training can support a second-order learning 
process through which designers, trainers, and managers gain insight into interactions between 
workers and their environment. Analysing training scenarios, trainee’s performance and 
feedback after the session could lead to better workplace conditions by modifying features of the 
current environment. Henceforth, mining simulators could become platforms for testing and 
implementing new ideas developed by engineers or managers with immediate (and safe) 
response from the workforce. To our knowledge, the use of IVR-based simulations to improve 
the working environment has not received enough attention yet. 
 
IV. Research Method 
 
Our case study focuses on a training facility located in Wonoona (NSW) operated by Coal 
Services Pty Ltd, an Australian service provider. The objective is to evaluate the impact of IVR-
based training programs on worker’s competences, safety records, and mine productivity. 
Interviews with trainees, trainers, and managers alongside direct recording of training sessions 
will constitute our primary data. Secondary data will include records of previous sessions and 
industry assessment documents. Qualitative and quantitative analyses will be performed to 
evaluate the level of knowledge transfer and aptitudes to perform in a real environment. Then, a 
cost-benefit analysis will be used to evaluate the added-value of virtual reality-based on 
technological and operational costs weighed against overall productivity of the mine being 
negatively affected by any safety issue. 
A. Qualitative Analysis 
Assessing the quality of a training transfer involves three components: 1) Inputs including 
trainees 2) Outputs including learning and performance, and 3) Training conditions including the 
environment. According to Salzman et al.
6
, there is a strong relationship between IVR features, 
individual characteristics, and the IVR-based learning experience. In order to estimate the 
strength of this relationship across various groups of trainees and training scenarios, we will 
gather evidence at different stages:  
 
1) Before Training 
The focus will be on trainees’ characteristics and their competency and knowledge level prior 
attending the training sessions. The tools to collect these primary data will include individual 
questionnaires, interviews with managers and performance sheets. Whenever applicable, we will 
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also ask trainees to draw causal loops diagrams of hypothetical scenarios before attending the 
session.  
 
2) During Training 
Aside from the electronic recording of training sessions by the Facility, we will conduct direct 
observations of individual and collective response to stimuli at specific stop points. These 
observations will include body language, oral communication between trainees or collective 
organisation during an exercise. The aim is to evaluate the learning experience. 
 
3) After Training 
At the end of a session, individual questionnaires and interviews will be used to record 
feedback from trainees and trainers. This material will be used to analyse individual responses to 
an IVR environment and to evaluate the quality of the training transfer in terms of competency. 
We will also attend debriefing sessions between trainees and trainers. Whenever applicable 
trainees will be asked to create a second causal loop of hypothetical scenarios in order to 
compare them with the initial ones.  
B. Quantitative Analysis (Cost-Benefit Analysis) 
Based on Yamnill and McLean
27
, training is pointless if it cannot be expressed through a 
performance measurement. Training should focus on performance and not only on learning. 
Whenever training can demonstrate a subsequent gain in performance then the training transfer is 
positive. Conversely in the absence of any gain in performance, the training transfer is 
negative
27
. Wehrmann et al. 
28
 argue that  a key point to assess the benefits of a training program 
is to evaluate its impact directly onto workplace performance. In this case, we propose to adapt 
the approach proposed by Micheli
29
 to measure the quality of training transfer for flight 
simulators. This approach includes two indicators: (1) the Performance Enhancement 
Measurement (PEM) and (2) the Effectiveness for Training Purposes (EfTP). 
C. Performance Enhancement Measurement 
PEM represents the amount of time saved to finish a task due to the IVR-based training 
sessions. It can also represent the enhancement in performance of employees after attending the 
training sessions. In this equation: 
 Yc:  Indicates the number of hours required by the employee to finish a certain task without 
attending the training sessions in IVR environment.  
 Yx: indicates the number of hours required by the employee to finish the same task after 
attending the training sessions in IVR environments. 
Percent Saving   
Yc  Yx
Yc
  100 1 
The greater the number the higher is the savings. Values for Yc and Yx will be derived from 
interviews with trainees and different levels of management. 
D. Effectiveness for Training Purposes 
TE ratio indicates the amount of time saved compared to the amount of time spent in the 
simulator: 
 
Transfer effectiveness ratio 
Number of training unit in simulator
Number of unit in the Mine for equivalent training
 2 
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The greater the number the better is the training transfer. If trainee received 50 hours of 
training in IVR environment and in return he/she can finish the task in 30 hours (Transfer 
effectiveness ratio – TER= 1.6) compare to the time before attending the training session in IVR 
environment and receiving different trainings for instance if it took him/her 40 hours (TER= 1.2) 
then the transfer effectiveness of IVR environment is 1.6 compare to 1.4. Figures associated with 
number of hours to perform a task will be derived from interviews with trainees and different 
levels of management. 
 
Using PEM and EfTP indicators to assess potential benefits, we will use a costing model to 
conduct our cost-benefit analysis. For example, Rai and Wong
30
 suggest that a flight simulator 
costs only 15% of using actual helicopters for training purposes. Drawing from their study, we 
have selected the following cost categories:  
 
• Costs associated with designing and developing a simulator. 
• Costs associated with operating an IVR-based training session. 




This paper presented the research framework to quantitatively and qualitatively evaluate the 
effect of IVR-based training on training transfer in the mining industry. Two main components 
of effective management have been identified as a competent workforce and a safe workplace. 
Our evaluation framework will be applied to an IVR-based training facility operated by Coal 
Services Pty Ltd in Wonoona (NSW, Australia). Our methodology aims to collect a broad range 
of performance, behavioural,, and attitudinal data to help with a qualitative and quantitative 
analysis of the impact of mining simulators on improving workforce’s performance and 
workplace’s safety records. These data, associated with cost estimates, will provide a reasonable 
basis for conducting a cost-benefit analysis that will provide the industry with an evidence-based 
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